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ABSTRACT
Long-duration gamma-ray bursts (GRBs) are indisputably related to star formation, and their vast luminosity in gamma rays pin-
points regions of star formation independent of galaxy mass, out to the epoch of re-ionisation. As such, GRBs provide a unique
tool for studying star forming galaxies through cosmic time independent of luminosity. Most of our understanding of the properties
of GRB hosts (GRBHs) comes from optical and near-infrared (NIR) follow-up observations, and we therefore have relatively little
knowledge of the fraction of dust-enshrouded star formation that resides within GRBHs (if any), as traced through dust emission
observed at far-IR wavelengths. Currently ∼ 20% of GRBs show evidence of significant amounts of dust along the line of sight
to the afterglow through the host galaxy, and these GRBs tend to reside within redder and more massive galaxies than GRBs with
optically bright afterglows. In this paper we present Herschel observations of five GRBHs with evidence of being dust-rich, targeted
to understand the dust attenuation properties within GRBs better. Despite the sensitivity of our Herschel observations, only one galaxy
in our sample was detected (GRBH 070306), for which we measure a total star formation rate (SFR) of ∼ 100M yr−1, and which
had a relatively high stellar mass (log[M∗] = 10.34+0.09−0.04). Nevertheless, when considering a larger sample of GRBHs observed with
Herschel, it is clear that stellar mass is not the only factor contributing to a Herschel detection, and significant dust extinction along
the GRB sightline (AV,GRB > 1.5 mag) appears to be a considerably better tracer of GRBHs with high dust mass. This suggests
that the extinguishing dust along the GRB line of sight lies predominantly within the host galaxy ISM, and thus those GRBs with
AV,GRB > 1 mag but with no host galaxy Herschel detections are likely to have been predominantly extinguished by dust within an
intervening dense cloud.
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1. Introduction
Ever since the connection between long-duration GRBs and
massive star formation was firmly established (Galama et al.,
1999; Hjorth et al., 2003), much attention has been focused on
using GRBs to trace the cosmic star formation history (SFH).
However, such ambitions have been hindered by indications
that GRBs may not be indiscriminate tracers of star formation
? Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA
?? Visiting astronomer
??? Scottish Universities Physics Alliance
(Kistler et al., 2009; Butler et al., 2010; Wanderman & Piran,
2010; Robertson & Ellis, 2012) (but see Michałowski et al.,
2012b) and that further factors may play a dominant role in reg-
ulating the GRB formation rate (e.g. metallicity, the initial mass
function; IMF). The GRB “collapsar” model predicts a metallic-
ity threshold of∼ 0.3 Z, above which massive stars cannot col-
lapse to form a GRB (MacFadyen & Woosley, 1999; Langer &
Norman, 2006), and there are observations that similarly point to
GRBs occurring within low-metallicity environments (Fruchter
et al., 2006; Wolf & Podsiadlowski, 2007; Modjaz et al., 2008;
Levesque et al., 2010b; Graham & Fruchter, 2013). There are,
however, examples of GRBHs with near-solar metallicity or
above (Graham et al., 2009; Levesque et al., 2010b; Savaglio et
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Table 1. GRB afterglow properties
GRB Redshift RA Dec Offset† AV,GRB β§OX NH,X
(J2000)‡ (arcsec) (mag) 1022cm−2
000210 0.846(1) 01:59:15.58 −40:39:33.02(6) < 0.′′2(11) − < 0.54 0.17± 0.04(17)
000418 1.118(2) 12:25:19.30 +20:06:11.6(7) < 0.′′4(12) 0.4–0.9(14,15) − −
070306 1.496(3) 09:52:23.31 +10:28:55.26(8) < 0.′′2(13) 5.5+1.2−1.0
(16)
< −0.08 2.5+0.3−0.2(16)
081109 0.979(4) 22:03:09.72 −54:42:39.5(9) < 0.′′2(13) 3.4+0.4−0.3(16) < 0.3 1.1+0.1−0.1(16)
090926B 1.243(5) 03:05:13.94 −39:00:22.2(10) < 0.′′6(13) 1.4+1.1−0.6(16) < 0.4 2.2+0.5−0.5(16)
‡ All positions are from the optical afterglow with the exception of GRB 000210, which corresponds to the X-ray afterglow position.
† Relative offset between the GRB afterglow position and the centre of the host galaxy.
§ GRB afterglow optical-to-X-ray flux spectral index as defined in Jakobsson et al. (2004). Those GRBs with afterglow spectral index βOX < 0.5
have lower optical-to-X-ray flux ratios than predicted by the standard afterglow synchrotron theory, and as such are referred to as ‘dark’.
References: (1) Piro et al. (2002); (2)Bloom et al. (2003); (3)Jaunsen et al. (2008); (4)Kru¨hler et al. (2011); (5)Fynbo et al. (2009); (6) Piro et
al. (2002); (7) Klose et al. (2000); (8) Rol et al. (2007); (9) D’Avanzo et al. (2008); (10) Malesani et al. (2009); (11) This work; (12) Berger et al.
(2003); (13) Kru¨hler et al. (2011); (14) Klose et al. (2000); (15) Berger et al. (2001); (16) Kru¨hler et al. (2011); (17) Piro et al. (2002)
al., 2012; Elliott et al., 2013), and rather than metallicity, other
environmental properties have been suggested to play a more
critical role in the formation of GRBs, such as the SFR per unit
stellar mass (i.e. specific SFR or sSFR) (e.g. Mannucci et al.,
2011; Kocevski & West, 2011; Kelly et al., 2014; Hunt et al.,
2014) or a high interstellar medium density (Michałowski et al.,
2014).
Most of our understanding of the environmental properties
of GRBHs comes from photometric and spectroscopic obser-
vations of bright, dust-poor galaxies, which make up the bulk
of the population at z < 1 (Savaglio et al., 2009; Graham
& Fruchter, 2013), and for which data are more readily avail-
able. Over the last decade, great emphasis has been put on ex-
tending the GRBH detection rate out to higher redshifts, and
to more dust-rich systems. The rapid, sub-arcsecond positions
provided by the GRB-dedicated NASA Swift mission (Gehrels
et al., 2004), along with the commissioning of numerous near-
infrared (NIR) facilities for GRB follow-up observations, such
as PAIRITEL (Bloom et al., 2006), GROND (Greiner et al.,
2008) and more recently RATIR (Butler et al., 2012), have re-
sulted in an increase in the fraction of detected afterglows that
are significantly dust-extinguished (i.e. rest frame V -band dust
extinctionAV,GRB > 1.0 mag) (e.g. Greiner et al., 2011). These
reddened GRBs tend to reside within galaxies that are more
massive and luminous than the more frequently observed hosts
of GRBs with optically bright afterglows (Kru¨hler et al., 2011;
Hunt et al., 2011; Svensson et al., 2012; Perley et al., 2013).
Although it is still debated whether the fraction of more mas-
sive, dustier hosts are as numerous as would be expected if GRBs
directly follow the star formation activity (Perley et al., 2013;
Hunt et al., 2014), their detection certainly does present chal-
lenges to the GRB ‘collapsar’ model, which requires a progen-
itor star metallicity cut-off. Studying the abundance and prop-
erties of dust within GRB host galaxies is thus important not
only in the use of GRBs as cosmological tools, but also for our
understanding of the progenitors and environmental factors that
produce these catastrophic explosions. There have now been sev-
eral published works that looked into the properties of the more
massive and dust-rich GRB host galaxies (e.g. Kru¨hler et al.,
2011; Hunt et al., 2011; Perley et al., 2013; Rossi et al., 2012).
However, for the most part these investigations have not included
observations of the host galaxy dust emission, which probe the
obscured star formation and can contain a significant fraction of
the galaxy energy density.
We have used the infrared Herschel satellite (Pilbratt et al.,
2010) to study the dust emission properties of a small sample
of five GRBHs that we considered good candidates of contain-
ing appreciable amounts of dust. With a sample of five host
galaxies, our aim is to reach a greater understanding of the dust
properties within this dustier and important class of GRBHs,
rather than to draw any quantifiable conclusions on the relation
between GRBs and the cosmic SFR. Our Herschel PACS and
SPIRE observations span the wavelength range from 100µm to
500µm, which for our sample (at 0.8 < z < 1.5) and for typi-
cal dust temperatures of 35K provide good coverage of the peak
of the thermal dust emission. Herschel observations thus enable
the most accurate determination of the obscured star formation
within GRBHs.
Our GRBH Herschel observations presented here, combined
with the sample of GRBHs presented in Hunt et al. (2014,
HPM14 from here on), as well as GRBH 980425 (Michałowski
et al., 2014) and GRBH 031203 (Symeonidis et al., 2014), pro-
vide a total sample of 23 GRBHs observed with Herschel. The
GRBHs in HPM14 hosted GRBs with a range in visual extinc-
tions, and we combine this sample with the GRBHs presented
in this paper to investigate a larger GRB afterglow and host
galaxy parameter space. In section 2 we summarise previous
multi-wavelength observations taken of our GRBH sample, and
we describe our Herschel observations and data reduction. In
section 3 we present the results from our spectral energy dis-
tribution (SED) data analysis, and we summarise the principle
characteristic properties of our sample in section 4 and com-
pare them with the literature. Finally, in section 5 we explore
the implications of the Herschel GRBH detection rate on the
origin of the GRB afterglow extinguishing dust. Our conclu-
sions are summarised in section 6. Throughout the paper, we
assume a Ωm = 0.3, ΩΛ = 0.7 cosmology, with Hubble con-
stant H0 = 70km s−1 Mpc−1.
2. The sample
Our host galaxy sample was built up using two selection cri-
teria, both aimed at targeting those host galaxies with signifi-
cant amounts of dust, and thus with a high chance of being de-
tected with Herschel. Firstly, we selected the host galaxies of
those GRBs with significantly dust-extinguished afterglows (i.e.
AV,GRB > 1 mag) that were at z < 1.5 and that had been
observed at submillimetre (submm) wavelengths as part of our
2
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Table 2. Herschel observations
GRB Host Instrument Date/OD OBSID Duration (s) On-source time (s)
000210 SPIRE 2012-05-11/1093 1342245552 1135 296
PACS 2012-12-11/1308 1342256975, 76 2× 840 2× 270
000418 SPIRE 2012-07-12/1156 1342247974 1135 296
070306 PACS 2012-10-30/1266 1342254142, 43 2× 2250 2× 720
081119 SPIRE 2012-05-10/1092 1342245514 1135 296
PACS 2012-10-16/1251 1342253509, 10 2× 2250 2× 720
090926B SPIRE 2012-03-01/1022 1342239863 1135 296
PACS 2013-01-05/1333 1342258541, 42 2× 2250 2× 720
N
E
30"
Fig. 1. Herschel/PACS 100µm and 160µm images of
GRBH 070306. The images are 2′×2′and 3′×3′, respec-
tively, centred on the GRB afterglow position (red cross), and
have been smoothed using a Gaussian with σ two times the
pixel scale. The image is displayed with a linear greyscale
ranging from −1 mJy pix−1 (black) to +1 mJy pix−1 (white),
and contour levels from 1σ to 6σ are over plotted in back. The
spatial scale is indicated on the top left.
programme with the LABOCA instrument (Siringo et al., 2009)
on APEX (Gu¨sten et al., 2006). By limiting our sample to red-
shifts z < 1.5 we increase our chance of a detection due to the
Herschel sensitivity limit, and the additional submm data pro-
vides constraints on the dust emission at wavelengths longward
of the thermal emission peak. At the time of the submission of
the Herschel proposal, this gave us a sample of three GRBHs. In
addition to this sample of host galaxies, we also included those
GRBHs for which dust emission had already been detected at
850µm with SCUBA on JCMT (Holland et al., 1999), which in-
creased the sample by a further two host galaxies. All five host
galaxies in our sample have been well observed at optical and
NIR wavelengths, as well as with the Spitzer Space Telescope.
2.1. Afterglow parameters
The five GRB host galaxies in our sample are listed in Table 1
together with some properties related to the GRB optical and
X-ray afterglow. In addition to the afterglow visual extinction,
AV,GRB , we also list the afterglow optical-to-X-ray spectral in-
dex, βOX (Jakobsson et al., 2004), which provides a diagnostic
tool for identifying GRBs with optical afterglows dimmer than
expected by GRB synchrotron emission theory. In those cases
where the GRB redshift is known to be z < 4 (i.e. the opti-
cal afterglow is not significantly absorbed by neutral hydrogen
within the intergalactic medium), a spectral index βOX < 0.5
is an indicator of a dust-extinguished afterglow. The spectral in-
dex βOX is much easier to measure than AV,GRB1, although it
doesn’t quantify the amount of dust along the GRB sight-line.
We discuss further the merits of AV,GRB and βOX at identify-
ing GRB host galaxies appreciable levels of dust in section 5.
All Swift GRBs (GRB 070306, GRB 081109,
GRB 090926B) had their afterglows clearly detected at
optical and NIR wavelengths with ground-based facilities, and
at X-ray wavelengths with the X-ray telescope onboard Swift
(Burrows et al., 2005). The GRB afterglow is typically well
explained by synchrotron emission, and thus the extinction and
absorption from dust and gas of the intrinsically simple after-
glow spectrum (power law or broken power law) can be well
measured from the afterglow SED, in particular when afterglow
data at the mostly unattenuated NIR and X-ray (∼> 2 keV)
wavebands are available (Schady et al., 2007; Greiner et al.,
2011). For each Swift GRB, AV,GRB is thus well measured.
Note that this is the host galaxy visual extinction along the
GRB line of sight, and thus does not necessarily reflect the
galaxy-averaged visual extinction.
No optical or NIR afterglow was detected for GRB 000210
(z = 0.846), although the derived deep afterglow upper lim-
its (R > 23.5 at 12.4 hrs after the GRB trigger) and relatively
bright X-ray afterglow suggests that the optical/NIR afterglow
was extinguished by significant amounts of dust along the line
of sight (Piro et al., 2002). GRB 000418 was detected at optical
and NIR wavelengths. However, the lack of an X-ray detection,
and the relatively late and thus dim optical/NIR afterglow detec-
tion provided only a fairly crude measure of the visual extinc-
tion in the range AV,GRB = 0.4 − 0.9 mag (Klose et al., 2000;
Berger et al., 2001). Nevertheless, AV,GRB = 0.4 mag would
place GRB 000418 within the 25% most dust-extinguished GRB
afterglows at any redshift.
In the following subsections we provide a brief description
of the host galaxy data available for our sample, all of which
were taken once the afterglow had faded below the sensitivity
limit of the instruments.
2.2. Host galaxy observations
2.2.1. Optical and near-infrared data
All GRBHs in our sample have a large quantity of published
optical and NIR data, as well as Spitzer data, which in the case
of GRB 090926B have not been published, and we thus analysed
the data ourselves. We list all optical and NIR data used in our
1 Whereas an X-ray afterglow flux andR-band afterglow flux limit is
sufficient to determine the βOX spectral index, an accurate determina-
tion of AV,GRB requires the GRB afterglow to be detected in the X-ray
and at least four optical or NIR filters (Schady et al., 2012)
3
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GRB000210
30"
GRB081109
30"
GRB090926B
30"
N
E
60"
GRB000418
Fig. 2. Herschel/PACS 100µm images of GRBH 000210, GRBH 081109 and GRBH 090926B (first three panels), and
Herschel/SPIRE 250µm image of GRBH 000418 (furthest right). The PACS and SPIRE images are 2′×2′and 4′×4′, respectively,
centred on the GRB afterglow position (red cross), and have been smoothed using a Gaussian with σ two times the pixel scale. The
images are displayed with a linear greyscale ranging from −1 mJy pix−1 (black) to +1 mJy pix−1 (white), and contour levels from
1σ to 6σ are over plotted in back.
Table 3. Herschel PACS and SPIRE photometric measurements.
Flux density (mJy)
PACS SPIRE
GRB Host 100µm 160µm 250µm 350µm 500µm
000210 < 5.1 < 11.1 < 24.0 < 36.4 < 38.6
000418 − − < 22.5 < 35.8 < 33.4
070306 4.4+1.0−1.0 6.2
+1.2
−1.2 − − −
081109 < 4.0 < 6.6 < 26.8 < 27.5 < 18.8
090926B < 3.2 < 5.3 < 22.0 < 23.2 < 26.3
Notes: Upper limits are given at 3σ confidence
SED analysis in Tables A.1-A.4, together with corresponding
references.
2.2.2. Submillimetre data
Prior to 2010, around 25 GRB host galaxies had been ob-
served at 850µm with SCUBA (Berger et al., 2003; Tanvir et al.,
2004), of which only the hosts of GRB 000210, GRB 000418,
and GRB 010222 were reported to have detections at the 3σ
level. Since then, the submm emission thought to have come
from the host galaxy of GRB 010222 has been put in doubt,
likely originating in an unrelated, nearby source (Michałowski
et al., 2008). We observed the remaining three host galaxies in
our sample at 850µm with the LABOCA instrument on APEX
over two consecutive semesters during MPG guaranteed time
(PI: Greiner). The observations were taken between April and
August in 2011, and amounted to an average on-source integra-
tion time of 1.5 hours per source. All submm flux measurements
are listed in Table A.5.
2.2.3. Herschel observations
Our sample of GRB host galaxies was observed with the
Herschel Space Observatory at 100µm and 160µm using the
PACS small-scan map mode (20′′/s) (Poglitsch et al., 2010),
and all three SPIRE 250µm, 350µm and 500µm bands using
the small-map mode (Griffin et al., 2010). Our measurements
reached typical 1σ sensitivities of 1.0mJy, 2mJy, 8mJy, 10mJy
and 20mJy at 100µm, 160µm, 250µm, 350µm and 500µm,
respectively (included instrumental and confusion noise). The
PACS observations of GRBH 000210 were shorter than for the
rest of the sample, and thus reached 1σ sensitivities of about
2mJy and 4mJy at 100µm and 160µm, respectively. In the case
of the SPIRE observations the sensitivities were predominantly
determined by the confusion limit, which is 2-3 times larger than
the instrument point source sensitivity. The PACS and SPIRE
beam FWHM sizes are 6.8′′, 11.4′′, 17.6′′, 23.9′′ and 35.2′′
at 100µm, 160µm, 250µm, 350µm and 500µm, respectively.
Herschel images for each GRBH in the bluest band observed
are shown in Figs. 1 and 2.
Given the large uncertainty associated with predicting the
FIR host galaxy flux from the UV through to mid-IR spectrum,
we chose to initially observe our sample with SPIRE, in order
to get good coverage of the thermal dust emission component.
For the redshift range of our GRBH sample, we expected the
dust emission to peak at ∼ 200µm, observed frame. The three
SPIRE bands just redward of this would thus have allowed rel-
atively accurate determination of the shape of the thermal dust
component. Depending on the flux that we measured within the
SPIRE bands, we then re-adjusted the exposure times used for
our PACS observations within the total observing time avail-
able for our programme. We did not detect any of the four GRB
hosts initially observed with SPIRE (see Table 2). In the case of
GRBH 070306, which had a full-visibility window fairly late
in the OT2 observing period, we therefore chose to only ob-
serve in PACS, which although provides coverage over a smaller
wavelength range2, is more sensitive than SPIRE. Finally, in the
case of GRBH 000418, our broadband SED template fits to the
optical/NIR data and SPIRE upper limits resulted in estimated
flux densities that were below the sensitivity limit of PACS. We
therefore did not observe GRBH 000418 with PACS, instead
choosing to redistribute this time within our PACS observations.
Details of the Herschel observations are listed in Table 2.
2.2.4. Herschel data reduction
Data reduction in PACS and SPIRE was performed using the
Herschel Interactive Processing Environment (HIPE v10.0.0)
(Ott, 2010). The PACS data were reduced using the ‘deep sur-
vey point-source’ script within HIPE. We used pixel sizes of 2′′
2 Although the PACS photometer offers three bands (70µm, 100µm
and 160µm), the 160µm filter can only be used with one of the other two
filters simultaneously. For our observations we opted for the 100/160µm
combination.
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Table 4. GRB host galaxy properties taken from the literature and based on UV, optical, near- and mid-IR data, as well as the dust
mass and temperature derived in this paper from modified blackbody fits to our Herschel data.
GRB E(B-V)(a) [O/H](b) SFR(Hα/OII)(c) SFR(FIR) log[M∗] A
(d)
V T
(e)
d log[Md]
(f)
Host (mag) (M yr−1) (M yr−1) (M) (mag) (K) (M)
000210 0.029 8.3± 0.1 1.1+0.1−0.1 < 37 9.23+0.12−0.08 0.0 30 < 8.6
8.7± 0.1
000418 0.033 8.1± 0.2 26+1.2−1.4 < 40 8.87+0.15−0.10 1.3 40 < 8.3
8.8± 0.2
070306 0.024 8.4± 0.1 61+10−10 101± 21 10.34+0.09−0.29 0.4 51± 0.2 7.9± 0.3
081109 0.017 8.8± 0.1 24+14−9 < 32 9.93+0.06−0.04 1.3 35 < 8.5
090926B 0.020 8.2± 0.2 12+12−6 < 45 9.76+0.07−0.05 1.0 35 < 8.7
(a) Galactic dust reddening in magnitudes from the map of Schlafly & Finkbeiner (2011)
(b) Metallicities in the case of GRBH 000210, 000418 and 070306 (Piranomonte et al., 2014; Vergani et al., 2014) were derived using the R23 ratio and applying
the calibration from Kobulnicky & Kewley (2004). The N II emission line required to distinguish between theR23 lower and upper branches was not detected in the
spectra of GRBH 000210 and 000418, and we therefore report both solutions. Metallicities for GRBH 081109 and 090926B (Kru¨hler et al., 2014) were derived using
the methods from Nagao et al. (2006). For a detailed description on the differences between the individual strong line diagnostics, see Kewley & Ellison (2008).
(c) SFRs derived from the O II line for GRBH 000418 (Piranomonte et al., 2014), and from the Hα line for the other four GRBHs (Piranomonte et al., 2014; Kru¨hler
et al., 2014; Vergani et al., 2014), based on the formulation described in Kennicutt (1998), but converted to a Chabrier IMF (Chabrier, 2003). All have been corrected
for host galaxy dust extinction derived from the Balmer decrement, with the exception of GRBH 000418, for which we used the average visual extinction given in
column 7, and assuming the Calzetti dust attenuation law (Calzetti et al., 2000).
(d) The quoted value corresponds to the AV of the best-fit galaxy template.
(e) Temperature of the MBB scaled to the data, which is fixed, apart from in the case of GRBH 070306, where it was left as a free parameter in the SED fit.
(f) 3σ upper limit or best-fit dust-mass resulting from a blackbody scaled to the data with emissivity index β = 1.5 and temperature as given in column 8.
and 3′′ for PACS 100µm and 160µm, and 6′′, 10′′ and 14′′ for
SPIRE 200µm, 350µm and 500µm, respectively. The individual
PACS scans were processed with a high pass filter to remove
1/f noise and thermal drifts in the PACS bolometers. We used a
running box median filter with a half-width of 31 frames (62′′) at
100µm and 51 frames (102′′) at 160µm. This choice of the high-
pass filter radius allows us to optimise the 1/f noise subtraction,
thus reducing the final map noise without degrading the PACS
PSF. We initially stacked the cross-scans to create a mask from
this deeper image, and the individual cross-scans were then re-
reduced and stacked, this time using our newly created mask file
to mask out the bright regions. Finally, we corrected the astrom-
etry in our final, stacked, images using the aspect solution from
the bluest Spitzer Infrared Array Camera observations available
for each field. These corrections were typically of the order of
2′′ at 100µm at 3′′ at 160µm.
Fluxes were measured at the source location using the HIPE
internal aperture photometry routines and checked with IDL-
based procedures. For the SPIRE images, aperture radii of 22′′,
30′′ and 42′′ were used at 250µm, 350µm and 500µm, respec-
tively, in line with SPIRE calibration guide lines (Pearson et al.,
2013). For the PACS stacked images, we used radii of 5′′ and
7.5′′ at 100µm and 160µm, respectively, in order to gain the
highest signal-to-noise ratio for a point source (Pe´rez-Gonza´lez
et al., 2010), applying a respective aperture correction of 1.9 and
2.0 (Balog et al., 2013). Colour corrections are of the order of
unity, and we therefore neglect them (Poglitsch et al., 2010).
In the case of GRBH 070306, there is a source 10′′ north-
east of the GRB host galaxy. In order to disentangle the flux
emission from the host galaxy of GRB 070306 and the nearby
source, we used the GALFIT package (Peng et al., 2002) to si-
multaneously measure the flux from the two sources based on
the measured Herschel PSF. At 160µm the FWHM beam size
(11.4′′) does not allow the GRB host galaxy and neighbouring
source to be resolved, and we therefore fixed the position of the
two sources to the 100µm best-fit positions found with GALFIT.
The 100µm source positions were within 0.3′′ and 1.6′′ of the
GRBH and nearby source centroid positions, respectively, in the
4.5µm Spitzer image.
In all cases, the rms sky noise was calculated from the stan-
dard deviation of 100 circular apertures of the same size as the
source extraction region randomly placed around the source po-
sition, within high-coverage regions of the image. This provides
an accurate measure of the sky background and includes corre-
lated noise (see section 4.2.2 in Balog et al., 2013). Our SPIRE
and PACS flux measurements are listed in Table 3.
3. Data analysis
Of the five GRB host galaxies in our sample, only GRBH 070306
was detected at 100µm and 160µm. No SPIRE observations of
this host galaxy were taken (see Fig. 3). Given that by selec-
tion, all the host galaxies in our sample showed evidence of dust
along the GRB line of sight, the lack of a Herschel detection in
four out of five cases may imply that the dust mass within these
galaxies is generally low, and concentrated in a few discrete lo-
cations within the galaxy. In the following section we describe
our analysis and provide our best-fit results from our SED fits.
3.1. Spectral energy distributions
For each GRB host galaxy in our sample we combined all op-
tical through to submm flux density measurements to create a
broadband SED. Most of our sample SEDs have no data be-
tween 10µm and 100µm 3, and there are few detections redward
of 25µm 4 (see Fig. 3). We therefore chose to place constraints
on the host galaxy dust properties by fitting just the FIR and
submm data separately with a modified blackbody (MBB). The
emissivity index was set to β = 1.5 and the grain absorption
3 Only GRBH 000210 was observed within this wavelength range at
24µm with Spitzer.
4 Two detections of GRBH 070306 with PACS at 100µm and 160µm,
and two tenuous detections of GRBH 000210 and GRBH 000418 at
850µm with SCUBA.
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cross section per unit mass was set to κabs = 3.4 cm2 g−1 at
250µm rest frame (Bianchi, 2013). These values are consistent
with the thermal emission measured in other star forming galax-
ies (i.e. β = 1.5 − 2 Dunne & Eales, 2001; Dale et al., 2012;
Casey, 2012). In the case of GRBH 070306, the dust tempera-
ture was constrained by the two PACS detections, and thus this
parameter was left free to vary. For the remaining four GRBHs,
the temperature was fixed to a typical value of 35K (Skibba
et al., 2011; Magnelli et al., 2012a; Re´my-Ruyer et al., 2013;
Sklias et al., 2014), although in the case of GRBH 000210 and
GRBH 000418, the SCUBA detections provided further con-
straint on the dust temperature, and we found that temperatures
of 30K and 40K, respectively were more compatible with the
data (see sections 3.2.2 and 3.2.2 for details).
From our SED fits, we determined the upper limit on the dust
mass allowed by our data, which was mostly constrained by the
bluest PACS data at 100µm, and we used the total luminosity
(8-1000µm) measured from our best-fit MBB model to estimate
the FIR SFR using the prescription from Kennicutt (1998). In
all cases, the FIR-derived SFR or upper-limits are higher than
the optically derived SFRs by at least 30%, suggesting that, at
least in the case of GRBH 070306, there is some obscured star
formation (see Table 4).
We repeated our fits for an emissivity index β = 2, and found
that this has a weak effect on our total IR luminosity, but it typi-
cally decreases the dust mass by 0.3dex. A change in the black-
body temperature has a much stronger effect, with the dust mass
varying over two orders of magnitude for dust temperatures in
the range 20-50K, and the SFR varying by ∼ 30%. This uncer-
tainty is most relevant for GRBH 0811109 and GRBH 090926B,
for which there was no detected FIR or submm emission with
which to constrain the dust temperature. However, both these
host galaxies have relatively high un-obscured star formation
rates (see Table 4), and thus would be expected to have rela-
tively high dust temperatures (> 35K) (Hunt et al., 2014; Sklias
et al., 2014). The dust mass is inversely related to the dust tem-
perature, and we therefore consider our dust mass upper limits
for both GRBH 081109 and GRBH 090926B to be fairly con-
servative in the sense that the true dust mass is likely to be dis-
cernibly lower than our stated limit. A more important source of
error is in our assumption of a single-temperature MBB, which
does not take into account colder dust that can make up 50% of
the total dust mass (e.g. Dale et al., 2012; Magdis et al., 2012,
2013). For those galaxies without a submm detection, for which
the emission from a cold-dust component cannot be constrained,
we increased our dust mass errors to 0.3dex to account for the
uncertainty in the dust temperature. The broadband SEDs for
each GRB host in our sample are shown in Fig. 3 together with
the MBB model.
Data below 25µm were fitted with the spectral template fit-
ting package LePHARE (Arnouts et al., 1999; Ilbert et al., 2006),
which is a population-synthesis-based fitting procedure. We used
the Bruzual & Charlot (2003) galaxy templates, which include
emission lines and prescribed reddening and parameters therein,
and we assumed a Chabrier (2003) IMF.
3.2. Comparison with the literature
3.2.1. Stellar mass and SFR
After correcting for differences in the assumed IMF in this work
and in other publications (i.e. Michałowski et al. (2008) assumed
a Salpeter (1955) IMF and Savaglio et al. (2009) (SGL09 from
here on) assumed a Baldry & Glazebrook (2003) IMF), our stel-
lar masses are in agreement (at 1σ) with other reported values
(i.e. SGL09; Kru¨hler et al., 2011; PLT13; HPM14), with the ex-
ception of the higher M∗ found by Michałowski et al. (2008)
for GRBHs 000210 and 000418. After converting to a Chabrier
(2003) IMF, the M∗ in Michałowski et al. (2008) is a factor of
3 and 14 higher than ours, respectively, which may be the result
of differences in the star formation histories and stellar popula-
tions assumed in the modelling (Michałowski et al., 2012a, see
section 4). The SED fitting software package, GRASIL (Silva
et al., 1998), which accounts for the stellar mass from a star-
burst as well as from continuous star formation, can increase the
best-fit stellar mass by up to 0.4dex (relative to optical/NIR-only
SED fits). The inclusion of FIR data used in Michałowski et al.
(2008) may also increase M∗ if the best-fit templates include a
fully dust-obscured stellar population (e.g. Lo Faro et al., 2013).
There is greater scatter amongst the optically derived SFRs.
This is related to the uncertainty in the dust correction, which
can vary by a factor of a few. Our SFR(FIR) for GRBH 070306
is consistent with HPM14, but our values for GRBHs 000210
and 000418 differ from the results in Michałowski et al. (2008)
by a factor of 4 and 2, respectively. We comment on the possible
reasons for this below.
3.2.2. Dust mass and temperature
GRBH 000210
This galaxy had a reported 850µm 3σ detection (Berger et al.,
2003; Tanvir et al., 2004), with S850µm = 3.0±0.9mJy. A MBB
with T=35K scaled to our Herschel limits underestimates the
thermal emission at 850µm by one to two orders of magnitude
for an emissivity index β = 1.5− 2. A MBB with a colder dust
temperature of T=30K is in closer agreement to the Herschel and
SCUBA observations, but only just at the 3σ level (Fig. 3a, red
line). Although a MBB peaking at even colder dust temperatures
could theoretically be scaled up to the SCUBA flux measure-
ment without exceeding the Herschel upper limits, the resulting
dust mass would lead to unfeasibly high dust-to-stellar mass ra-
tios. Some SMGs can have dust-to-stellar mass ratios as high as
0.3 (Michałowski et al., 2010), but these are extreme cases and
more typical values are closer to ∼ 0.1. A dust temperature of
T=30K and dust mass log[Md/M] = 8.6 therefore provides
the greatest consistency with the data.
Michałowski et al. (2008) found the host galaxy SED to be
best-fit by a higher effective temperature of 45 K. However, these
fits lacked our Herschel data, which place an upper limit on the
amplitude of the thermal dust emission. In our model, the smaller
normalisation of a MBB imposed by the Herschel upper limits
(and thus lower 850µm emission) is counter-acted by a decrease
in the dust temperature. The Herschel upper limits similarly re-
sult in a lower SFR(FIR) than in Michałowski et al. (2008). The
marginal consistency between our model and the submm flux
measurement places the SCUBA detection somewhat in doubt,
and in table 4 we thus give this dust mass as an upper limit.
GRBH 000418
This galaxy was also detected at the 3σ level with SCUBA, with
a flux density S850µm = 3.2 ± 0.9mJy (Berger et al., 2003;
Tanvir et al., 2004). The dust mass upper limit derived from a
T=35K MBB fit to our Herschel data is only just consistent with
the SCUBA detection at the 3σ level. However, our best-fit dust
mass of log[Md/M] = 8.9 is almost the same as the galaxy
stellar mass, which as explained above, becomes difficult to ex-
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plain physically. Applying a dust-to-gas ratio of 0.1 gives a con-
siderably lower dust mass of log[Md/M] = 8.3. It is possible
to remain within this dust mass upper limit and reproduce the
SCUBA flux measurement (albeit only just within the 3σ limit)
by increasing the temperature of the warm component to 40K.
When scaled to the PACS 100µm upper limit, a temperature any
higher than 40K would fail to reproduce the SCUBA flux mea-
surement.
The effective temperature fitted by Michałowski et al. (2008)
was 50K, and their SFR(FIR) was also higher than our upper
limit, and this is similarly related to the additional data coverage
blueward of 450µm provided by our Herschel PACS data. For
a similar reason as in the case of GRBH 000210, we report the
dust mass of log[Md/M] = 8.3 as an upper limit.
GRBH 070306
This is the only host galaxy from our sample that was de-
tected with Herschel. Assuming a single MBB component, the
best-fit dust temperature and mass are T=51.2 ± 0.1K and
log[Md/M] = 7.9± 0.3.
This GRB host galaxy was also included in the sample of
galaxies studied in HPM14, in which the optical through to ra-
dio host galaxy data were fitted simultaneously using the soft-
ware package GRASIL. This treats the stellar light absorbed by
dust, and the re-emitted dust emission at FIR and submm wave-
lengths in a self-consistent way, and includes emission from dust
grains with a continuous distribution of temperatures, in addition
to emission from mid-IR wavelengths from polycyclic aromatic
hydrocarbons (PAHs). In addition to the different SED mod-
elling used in this paper and in HPM14, the Herschel PACS pho-
tometry for GRBH 070306 also differed, in particular at 160 µm,
although still consistent at the 2σ level. The reason for this dif-
ference is most likely related to the methods used to remove the
contamination from a nearby source (see section 2.2.4). Whereas
HPM14 applied aperture photometry within HIPE, we used the
GALFIT software, as described in section 2.2.4.
Despite the (small) differences in photometry, and the much
simpler approach that we use in this paper to constrain the host
galaxy dust properties, our best-fit dust mass (log[Md/M] =
7.9±0.3) is consistent within 1σ with the GRASIL best-fit value
of 8.3± 0.3.
GRBH 081109
In a campaign led by our group to follow-up the host galaxies of
significantly dust-extinguished GRBs (AV,GRB > 1 mag) with
the LABOCA instrument on APEX, this galaxy was detected
at the 3σ level, with a flux density S870µm = 18.0 ± 4.7mJy.
However, the non-detection of the host galaxy in both Herschel
PACS and SPIRE bands would imply an unfeasibly low dust
temperature T < 10K, indicating that the APEX detection
was due to a spurious source or blending. Within the PACS
and two bluest SPIRE images, there are three resolved sources
within a 30′′ region around the GRB host position, all of which
could have contributed to the flux density measured within the
LABOCA 19′′ beam. We therefore conclude that the LABOCA
detection was likely spurious or contaminated by an unrelated
source, and determine a 3σ upper limit on the host galaxy
submm flux density of 14mJy. Assuming an average dust tem-
perature of 35K, the PACS upper limits then constrain the dust
mass to log[Md/M] < 8.5.
GRBH 090926B
This galaxy was undetected in all PACS and SPIRE bands, as
well as at 870µm with LABOCA, with a 3σ upper limit of
S870µm < 15mJy. The greatest constraint to a MBB with tem-
perature T=35K is provided by the 160µm PACS upper limit,
yielding a dust-mass upper limit of log[Md/M] < 8.7.
4. Summary of host galaxy properties
Our sample was selected from the GRB optical afterglow prop-
erties, based on the expectation that dusty GRB sightlines are
indicative of a host galaxy with a high dust mass. In order to see
how these selection criteria affect the overall galaxy properties
of the sample, here we briefly summarise some of the charac-
teristic properties of our host galaxy sample (see Table 4), and
compare these to other GRB host galaxy samples.
In Fig. 4 we show the logarithmic distribution of M∗, SFR
and sSFR for a number of GRB host samples, as well as the
redshift distribution. Our sample is outlined by the solid green
line. In filled grey we show the distribution of properties for the
host galaxy sample of SGL09, which is made up of 46 galaxies
that were selected on the basis of optical and NIR detections, and
thus are predominantly the hosts of GRBs with optically bright
afterglows (i.e. smallAV,GRB at z < 1.5). In contrast to this, we
also show the sample from PLT13 (filled red), which is made up
of 23 host galaxies of heavily extinguished GRBs (AV,GRB >
1 mag), and the sample of Herschel observed hosts from HPM14
(dashed blue outline), which was predominantly selected on the
basis of two or more host galaxy Spitzer detections (∼> 10µJy
at 3.6µm and 4.5µm), with a preference for hosts of GRBs with
βOX < 0.5.
Stellar masses and SFRs were derived from SED fits to the
UV through to near- or mid-IR data in the SGL09 and PLT13
samples, and in the case of HPM14, FIR Herschel data were
also included. In the case of HPM14 and our sample, SFRs were
determined from the IR luminosity, which in most cases are thus
upper limits. This is indicated in Fig 4a and b with the blue
hashed, and green crisscross pattern for the HPM14 and our sam-
ples, respectively.
Differences in the stellar population models and star forma-
tion history parameterisations used in the SED fits, as well as
in the assumed dust attenuation, can introduce systematic differ-
ences in M∗ of up to 0.2-0.3dex (Pozzetti et al., 2007; Kajisawa
et al., 2009; Wuyts et al., 2009; Ilbert et al., 2010; Mitchell et
al., 2013). In particular, SGL09 used an IMF from Baldry &
Glazebrook (2003), which gives a total stellar mass that is 0.2-
0.3dex higher than when assuming a Chabrier (2003) IMF, as
was the case in the modelling of PLT13 and HPM14. Already
without correcting for this, the stellar masses in SGL09 appear
systematically lower than when compared to the other samples,
and a Kolmogorov-Smirnoff (KS) test gives a 99.999% proba-
bility that the PLT13 and HPM14 samples come from a different
parent population to the SGL09 sample.
Systematic differences in the SFR arise predominantly from
the uncertainty in dust attenuation. The SFRs in SGL09 were
derived from UV and optical photometry, thus making the level
of dust-obscured star formation highly uncertain. The inclusion
of Herschel observations in our sample and in HPM14 provide
a better handle on the total SFR, and thus the SFRs in these
two samples are typically higher than the SFRs in SGL09. The
SFR remains uncertain for those GRBHs in HPM14 that were
not detected with Herschel, and in these cases we therefore use
the optically derived (dust corrected) SFRs when comparing the
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Fig. 5. Stellar mass against redshift for the sample of
GRBHs from this work (pentagons), HPM14 (circles), and
for GRBH 980425 (Michałowski et al., 2014, triangle) and
GRBH 031203 (Symeonidis et al., 2014, square) . The small
grey circles correspond to a sample of non-GRBH targets ob-
served and detected with Herschel (details in section 5.2 and
Fig. 7). Data points are colour-coded according to GRBH SFR.
Those GRBHs detected with Herschel are plotted as filled sym-
bols, and undetected GRBHs are shown with open symbols.
GRBHs that had a GRB with AV,GRB > 1 mag are indicated
with an additional ring drawn around the data point. The dashed
line provides a rough divide between those GRBHs detected and
undetected with Herschel.
HPM14 and SGL09 sample SFRs. We find that the two SFR
distributions are inconsistent with coming from the same par-
ent population, with a null-hypothesis probability P=0.01, and
P only increases to 0.02 when we correct the SFRs to the same
IMF. The high SFRs in the PLT13 sample are more likely related
to the selection criteria rather than greater sensitivity to the total
SFR (host galaxies with AV,GRB > 1 mag tend to be more mas-
sive and actively star forming). The sSFR in PLT13 and HPM14
are nevertheless consistent with the sSFR in SGL09 (P=0.2 and
0.5, respectively).
For the majority of the samples considered here, it is unlikely
that cosmic evolution is responsible for the differences observed
in the M∗ and SFR, since the redshift distributions are fairly con-
sistent between samples. Only the PLT13 sample shows a very
different redshift distribution, with a mean redshift of 〈z〉 = 1.8,
compared to mean redshifts of 〈z〉 =0.8, 1.1 and 1.1 for the
SGL09, HPM14 and our sample.
5. Discussion
The initial aim of our observations had been to study in greater
detail the dust properties of GRB host galaxies. In light of our
single host galaxy detection, in the following section we look in
closer detail at the differences in the galactic properties of those
host galaxies that were and were not detected. In order to in-
crease our statistics, in our analysis we include the host galaxy
sample from HMP14, and GRBH 980425 and GRBH 031203
from Michałowski et al. (2014) and Symeonidis et al. (2014). We
emphasise that despite the fact that our sample is not complete,
all GRBHs included are not ‘special’ within the range of galaxy
properties observed in GRBHs (e.g. SGL09, PLT13). Although
our compiled sample is on average at the high end of the stellar-
mass and SFR distribution (see Fig. 4), there is no compelling
reason to believe that these galaxy properties should alter the
relation between line of sight dust extinction and galaxy-whole
dust emission. For our purposes, our combined sample thus pro-
vides a fair representation of dust properties of GRBHs.
5.1. GRB line of sight versus galaxy-integrated properties
From the combined sample of GRBHs from this paper, HPM14,
Michałowski et al. (2014) and Symeonidis et al. (2014), a third
were detected, and this fraction almost doubles when we only
consider those hosts of GRBs with known AV,GRB > 1 mag5.
On the other hand, less than 40% of galaxies hosting so-called
dark GRBs (i.e. βOX < 0.5) were detected with Herschel.
Although those GRBs in our sample with AV,GRB > 1 mag
are all classified as dark by the βOX convention, the converse
does not apply, and only 50% of GRBs classified as dark have
AV , GRB > 1 mag. This is because although βOX < 0.5 is
suggestive of dust extinction, it does not necessarily imply sig-
nificant amounts of dust, as is the case for AV,GRB > 1 mag.
The fairly high detection rate of hosts selected by their dust-
extinguished GRBs implies that the extinguishing dust lies pre-
dominantly within the host galaxy ISM, rather than within dis-
crete, dense clouds. If the afterglow extinction arose predom-
inantly from dust within a molecular cloud, either related to
or independent of the GRB natal region, then we would ex-
pect to have detected a similar number of galaxies with low
and high AV,GRB . Given the limited number of GRBs with
measured AV,GRB we use an optical-to-X-ray spectral index
of βOX < 0.4 to identify those GRBs likely to have been
significantly dust-extinguished. We find that 50% of the hosts
of dust-extinguished GRBs were detected, whereas the host of
only one out of seven relatively unextinguished GRBs was de-
tected with Herschel. Similarly, our results imply that the dis-
tribution in AV,GRB is not the result of variations in the host
galaxy inclination angle. If by-and-large the host galaxies of
GRBs with AV,GRB > 1 mag were viewed edge-on, and the
hosts of relatively unextinguished GRBs were viewed face-on,
then we would again expect the Herschel detection rate to be
independent of AV,GRB .
Stellar mass is related to the galaxy dust mass, and thus
is clearly an important parameter when considering the galaxy
FIR emission. This is illustrated in Fig. 5, where we plot the
stellar mass as a function of redshift for the combined sample
of GRBHs from this work (pentagons) and HPM14 (circle), as
well as GRBH 980425 (Hunt et al., 2014) and GRBH 030325
(Symeonidis et al., 2014). For comparison, we also show a sam-
ple of non-GRBH galaxies in grey. The apparent trend of in-
creasing stellar mass with higher redshift is a result of selec-
tion effects, whereby high-z, low-M∗ galaxies are not gener-
5 The visual extinction along the line of sight to GRB 031203 is un-
certain due to the large reddening within the Milky Way along the GRB
line of sight. However, Prochaska et al. (2004) estimate AV,GRB ∼
1 mag. However, when we apply a more stringent upper limit on βOX
of < 0.4 we then select all those GRBs with AV,GRB > 1 mag, as
well as GRBH 970828, for which no AV,GRB information is available.
When we only consider the hosts of those GRBs with a measured vi-
sual extinction AV,GRB > 1.5 mag (equivalent to βOX < 0.3) then
the detection rate goes up further to three quarters of the sample.
8
Schady et al.: GRB Host Herschel Observations
10-6
10-5
10-4
10-3
10-2
10-1
100
101
 7.5  8  8.5  9
M
d/ M
*
12+log(O/H)
Symeonidis et al. (2014)
Michalowski et al. (2014)
HPM14
this work
Magnelli et al. (2012a)
KINGFISH
DGS
Fig. 6. Md/M∗ as a function of metallicity for a sample of
nearby galaxies taken from the KINGFISH (black filled circles;
Kennicutt et al., 2011), the DGS (red filled squares; Madden
et al., 2013) Herschel guaranteed time key projects, and a
sample of high redshift (z > 1), star forming galaxies from
Magnelli et al. (2012a) (green filled diamonds). Metallicities
of the z > 1 star forming galaxies were estimated using the
mass-metallicity relation and converted into the Denicolo´ et al.
(2002) system. GRBH 031203 (Symeonidis et al., 2014, cyan
pentagon), GRBH 980425 (Michałowski et al., 2014, grey pen-
tagon), and the subset of GRBHs from HPM14 (pink pentagons;
GRBHs 980703, 020819B, 050223, 051022) and this paper
(blue pentagons) with known metallicity are also plotted, with
filled symbols corresponding to Herschel detections, and upper
limits shown as downward arrows. Those GRBs with afterglow
extinction AV,GRB > 1 mag are indicated with an additional
large open circle around the GRBHs. The solid black line is the
best-fit power law to the combined KINGFISH and DGS data
taken from Re´my-Ruyer et al. (2013), and the dashed lines rep-
resent the 3σ dispersion.
ally detected at longer wavelengths. The dashed curve indicates
the rough division within the M∗ − z parameter space between
galaxies detected with Herschel (including GRBHs), and those
undetected GRBHs. Of those GRBHs below this line, 1/5 were
detected, whereas above the line, 8/18 were detected. When only
considering the hosts of GRBs withAV,GRB > 1 mag, then only
one lies below the curve, and this GRBH was undetected. Above
the dashed curve, 6 GRBHs of significantly extinguished GRBs
were detected out of 9.
In this figure we also consider the SFR, which is known
to correlate with the dust-to-stellar mass ratio (da Cunha et al.,
2010; Calzetti, 2001, and references therein). Detected GRBHs
have progressively higher stellar mass and SFR as redshift in-
creases, which is the combined result of the Malmquist bias and
the downsizing of the star formation activity in progressively
lower mass galaxies (i.e. the galaxy main sequence). For host
galaxies with no FIR detections (open symbols), we use the dust
corrected, optically derived SFR (measured from either emis-
sion lines or from optical/NIR SED fits), and thus these should
be considered as lower limits.
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Fig. 7. Md/M∗ as a function of SFR. The same galaxy sam-
ples as in Fig. 6 are plotted with the same symbols. Also shown
are the sample of star forming lensed galaxies from Sklias et
al. (2014) (small grey squares), and the sample of SMGs from
Magnelli et al. (2012b) (orange triangles). The solid black line
is our best-fit power law to all galaxy samples combined, not in-
cluding the GRBH sample, and the dashed lines correspond the
3σ dispersion.
Although on the whole using the afterglow line of sight
dust extinction is a good diagnostic for identifying GRBs that
reside within more massive and dust-rich hosts, there is clear
scatter. This is to be expected, given that the light of the af-
terglow can travel through very different regions of the dusty
media within the galaxy-disc plane and/or above it (e.g. Ku¨pcu¨
Yoldas¸ et al., 2007). Of those GRBs with AV,GRB > 1 mag
and with host galaxies that were not detected with Herschel,
three (GRBHs 071021, 081109, 090926B) have stellar masses
that are at the higher end of the GRB host galaxy distribu-
tion (log[M∗/M] > 10), and they have relatively high SFRs
> 10 Myr−1. The non-detection of these galaxies may im-
ply that the large afterglow extinction (AV,GRB = 1.5, 3.4 and
1.4 mag, respectively) arose predominantly from a dense and
fairly isolated dust-cloud, or is associated with a line of sight
that crosses the mid-plane of the disk (i.e. with an observed high
inclination), rather than from a relatively dust-rich ISM. To place
our sample in a broader context, in the next section we compare
our results to the dust properties of other samples of galaxies
observed with Herschel, covering a range of galaxy types and
redshifts.
5.2. Dust to stellar mass ratio
For our comparison sample, we select galaxies within the lo-
cal and higher redshift Universe. Within the local Universe,
we use the KINGFISH sample, which consists of 61 nearby
galaxies of all types (Kennicutt et al., 2011), as well as the
Dwarf Galaxy Survey (DGS; Madden et al., 2013), which is
made up of a sample of 48 galaxies with sub-solar metallici-
ties (0.03Z < Z < 0.55Z). We also include a number of
samples at higher redshift to be more comparable to GRBHs.
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These are a sample of seven strongly lensed galaxies at redshifts
z = 1.5 − 3.2 (Sklias et al., 2014) taken predominantly from
the Herschel Lensing Survey (HLS; Egami et al., 2010), 17 star
forming galaxies at z > 1 (Magnelli et al., 2012a) that were
observed as part of the PACS Evolutionary Probe (PEP; Lutz et
al., 2011) guaranteed time key programme, and a sample of 61
SMGs (Magnelli et al., 2012b) observed as part of PEP and the
Herschel Multi-tiered Extragalactic Survey (HerMES, Oliver et
al., 2012). Some properties of these samples are shown in Figs. 6
and 7.
Re´my-Ruyer et al. (2013) combined the sample of nearby
galaxies from DGS and KINGFISH (Skibba et al., 2011) and
found a positive correlation between the dust-to-stellar mass ra-
tio and galaxy metallicity. In both samples the metallicity was
derived using the R23 ratio and applying the empirical calibra-
tion of Pilyugin & Thuan (2005). In Fig. 6 we reproduce this
plot and include the sample of GRBHs from this work (blue),
HPM14 (pink)6, and Symeonidis et al. (2014) (cyan) (filled and
open pentagons for GRBH detections and upper limits, respec-
tively). Those GRBHs in HPM14 with reported metallicity mea-
surements are GRBHs 980703, 020819B, 050223 and 051022.
A range of methods have been used to estimate the metallici-
ties for the GRBHs, depending on the available data. The metal-
licities for GRBH 000210 and GRBH 000418 (Piranomonte et
al., 2014) and GRBH 070306 (Vergani et al., 2014) were all
derived using the R23 ratio and applying the calibration from
Kobulnicky & Kewley (2004). In the cases where we were un-
able to select between the lower and higher branch solutions,
both metallicities are plotted in Fig. 6 with a dotted line con-
necting the data points. The metallicities for GRBH 081109 and
090926B (Kru¨hler et al., 2014) were based on a number of line
ratio diagnostics from Nagao et al. (2006), as were the metallic-
ities for those GRBHs in HPM14 (Mannucci et al., 2011). The
line of best-fit to the DGS and KINGFISH galaxies from Re´my-
Ruyer et al. (2013) (solid line) and 3σ dispersion (dashed lines)
are plotted as a reference.
All GRBHs detected with Herschel (from this work and
from HPM14) have Md/M∗ ratios that are within the 3σ dis-
persion of the DGS and KINGFISH samples, and those GRBHs
with only upper limits on their dust mass have dust-to-stellar
mass ratios that are consistent with the predicted value for their
given metallicity. The scatter about the line-of-best-fit shown in
Fig. 6 is large, and with our current Herschel limits we cannot
rule out that the undetected GRBHs have unusually low dust-
to-stellar mass ratios. However, the general consistency between
the GRBH data points, and the best-fit relation between Md/M∗
and 12 + log(O/H) implies that the low detection rate in the
GRB host galaxy sample is a result of the generally low stel-
lar mass of the sample relative to that of other submm-detected
galaxies at similar redshifts.
In Fig. 7 we plot the dust-to-stellar mass ratio as a function
of SFR, where the SFR is derived using FIR data, and for the
non-detected GRBHs is therefore an effective upper limit. The
data points are the same as in Fig. 6, but in this figure we in-
clude two further high redshift galaxy samples. These are star
forming lensed galaxies at redshifts 1.6 < z < 3.2 (Sklias et al.,
2014) (small grey squares), and a sample of SMGs at redshifts
0.5 < z < 5.3 (Magnelli et al., 2012b) (orange triangles). This
plot shows a general trend of increasing dust-to-stellar mass ra-
tio with SFR across all galaxy types, which has previously been
observed (da Cunha et al., 2010; Calzetti, 2001, and references
6 In the case of GRBH 070306, which is present in both this work
and in HPM14, we use the values reported in this paper.
therein). We fit a linear correlation between the two parameters
to the complete sample of galaxies shown in Fig. 7, but with-
out including our sample of GRBHs, and found the best fit to be
Md/M∗ = 0.001× SFR0.3 (solid line).
As before, we find that all our non-detected GRBHs have
upper limits that lie either above or on the general relation fol-
lowed by the other galaxy populations. Those GRBHs that were
detected all lie within the region of space occupied by the high-z
galaxy samples, all of which have SFR ∼> 10 Myr−1, but they
have lower SFRs than the majority of the SMG sample.
Given the dependence between dust temperature and mass,
we re-fit all GRBHs assuming the same dust-temperature mea-
sured for GRBH 070306 (T=50K) to see how this affected our
dust mass upper limits. We found that the dust mass limits de-
creased in some cases by a factor of 8 or 9. This nevertheless still
not does bring the dust-to-mass ratio of our undetected GRBHs
below the 3σ dispersions shown in Figs. 6 and 7, and thus our
conclusions are broadly unchanged.
6. Summary
We selected a small sample of five GRBHs with evidence of
being rich in dust, and used Herschel PACS and SPIRE obser-
vations to sample the peak of the dust emission within these
galaxies. Despite the sensitivity of Herschel, we only detected
one GRBH, which had the largest amount of visual extinc-
tion along the GRB line of sight and a relatively high stellar
mass. In order to improve our statistics, we combined our sam-
ple with the GRBHs from HPM14, Michałowski et al. (2014),
and Symeonidis et al. (2014), all also observed with Herschel.
We found a sizeable increase in the Herschel detection rate
when only considering those hosts of GRBs considerably dust-
extinguished afterglows. This implies that the bulk of the af-
terglow extinguishing dust resides within the ISM of the host
galaxy rather than within discrete, dense clouds.
In addition we found that the dust-to-stellar mass ratios and
limits of GRBHs are consistent with other star forming galaxy
populations selected by different means. Our results thus indi-
cate that the FIR non-detection rate of 60–80 % within GRBHs
is due to the combination of relatively high redshift and low stel-
lar mass of our galaxies. It is possible that metallicity also plays a
role, with lower metallicity galaxies of a given stellar mass hav-
ing lower dust masses than their higher metallicity counterparts.
However, a larger number of GRBH metallicity measurements
would be needed to investigate this further.
Herschel observations of GRBHs have provided the first ir-
refutable detections of GRBHs at submm wavelengths, and the
most accurate sampling of the thermal dust emission peak of
these galaxies to date. The full SED coverage provided by opti-
cal through to FIR and submm wavelengths with Herschel and
on-going observatories such as ALMA and JWST enable the
properties of GRBHs to be fully characterised, thus resulting in
a more complete understanding of the range in environmental
properties present within GRBHs.
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Fig. 3. GRB host galaxy optical through to submm spectral energy distributions for our sample of five GRBHs observed with
Herschel. Detections are plotted as filled symbols, and open circles represent 3σ upper limits. The lePHARE best-fit template
galaxy models fitted to the optical to mid-IR data are shown (dashed black line), as well as our modified blackbody fits to the FIR
and submm data (red solid line) (see Table 4 for details). In those cases where the host galaxy was not detected with Herschel, the
modified blackbody fits were used to determine the upper limit on the corresponding dust mass and SFR.
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Fig. 4. Distribution of logarithmic M∗ (top left), SFR (top right) and sSFR (bottom left) as derived from SED analysis, and the
redshift distribution (bottom right) from a number of GRB host galaxy samples. Outlined in solid green is the sample in this paper,
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Table .1. Optical (U to Z) photometric measurements of pre-Swift GRB host galaxies. All magnitudes are AB and have been
corrected for Galactic reddening (Schlafly & Finkbeiner, 2011)
GRB Host U B V R I Z
000210(a) 24.13+0.13−0.13 24.21
+0.13
−0.13 24.17
+0.08
−0.08 23.62
+0.10
−0.10 22.89
+0.12
−0.12 23.35
+0.28
−0.28
000418(b) 24.36+0.30−0.30 23.94
+0.05
−0.05 23.80
+0.06
−0.06 23.65
+0.05
−0.05 23.25
+0.05
−0.05 23.01
+0.10
−0.10
Notes: All magnitudes in the AB system and are corrected for Galactic foreground reddening.
(a) Gorosabel et al. (2003a); (b) Gorosabel et al. (2003b)
Table .2. Optical (u′ to z′) photometric measurements of Swift GRB host galaxies
GRB Host u′ U g′ V r′ R i′ I z′
070306(a) 23.05+0.46−0.46 − 22.81+0.09−0.09 − 23.02+0.09−0.09 22.94+0.09−0.09 22.76+0.13−0.13 22.58+0.19−0.19 22.83+0.17−0.17
081109(b) − 23.15+0.14−0.14 23.01+0.07−0.07 22.80+0.06−0.06 22.70+0.07−0.07 − 21.98+0.08−0.08 21.93+0.09−0.09 21.97+0.09−0.09
090926B(b) − 23.61+0.13−0.13 23.23+0.07−0.07 − 22.90+0.06−0.06 − 22.88+0.12−0.12 − 22.41+0.10−0.10
Notes: All values are as in Table A.1
(a) u′ and I magnitudes taken from Jaunsen et al. (2008). All other reported magnitudes taken from Kru¨hler et al. (2011);
(b) All magnitudes from Kru¨hler et al. (2011)
Table .3. NIR (Y to K) photometric measurements of GRB host galaxies
GRB Host Y HST/F110 J HST/F125 HST/F160 H K
000210(a) − − 22.90+0.10−0.10 − − 22.90+0.23−0.23 22.80+0.14−0.14
000418(b) − − 23.21+0.10−0.10 − − − 23.06+0.30−0.30
070306(c) − 21.60+0.08−0.08 21.89+0.03−0.03 21.68+0.03−0.03 21.19+0.12−0.12 21.37+0.10−0.10
081109(c) 21.61+0.08−0.08 21.50
+0.03
−0.03 21.36
+0.06
−0.06 − 21.28+0.03−0.03 21.49+0.4−0.4 21.04+0.08−0.08
090926B(c) − − 21.86+0.13−0.13 − − 21.9+0.3−0.3 21.43+0.19−0.19
Notes: All values are as in Table A.1
(a) Gorosabel et al. (2003a); (b) Gorosabel et al. (2003b); (c) HST magnitudes taken from Perley et al. (2013). All other reported magnitudes taken
from Kru¨hler et al. (2011)
Table .4. Spitzer photometric measurements of GRB host galaxies
Flux density (µJy)
GRB Host 3.6µm 4.5µm 8.0µm 24.0µm
000210(a) − < 6.3 15.0± 5.1 < 31.5
000418(b) − 4.8+1.8−1.8 − −
070306(c) 10.65+0.48−0.48 12.28
+0.59
−0.59 − −
081109(c) 18.88+1.26−1.26 15.70
+1.36
−1.36 − −
090926B(d) 10.5+0.5−0.5 7.4
+0.4
−0.4 − −
Notes: Upper limits are given at 3σ confidence
(a) Michałowski et al. (2008); (b) Castro Cero´n et al. (2010); (c) Perley et al. (2013); (d) this work
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Table .5. Submillimetre photometric measurements of GRB host galaxies
Flux density (mJy)
GRB Host 450µm 850µm
000210(a) < 92.4 2.97+0.88−0.88
000418(a) < 56.76 3.15+0.90−0.90
070306 − < 7.44
081109 < 13.2 < 14.1
090926B − < 14.64
Notes: Upper limits are given at 3σ confidence
(a) Berger et al. (2003)
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